We have investigated photoinduced chemical reaction dynamics of cold, isolated Cr 2 molecules in helium nanodroplets (He N ), exploiting the quantum state specific spatial separation of solvated and surface locations on the droplet. The molecules are excited to achieve dissociation to a ground state (a 7 S 3 ) and a metastable state (a 5 S 2 ) atom. State specific spatial separation, in combination with efficient translational cooling to avoid ejection, causes the ground state atom to be solvated inside the droplet while the metastable atom migrates to the surface. A barrier between the two reactants formed by the He N prevents recombination. We apply a resonance-enhanced multiphoton ionization scheme including the y 5 P 1;2;3 a 5 S 2 transition of the surface atom as well as a two-laser scheme including the y 7 P 2;3;4 a 7 S 3 transition of the solvated atom in order to verify the locations and separation of the dissociation products.
Photoinduced molecular dissociation and photoinduced recombination mediated by superfluid helium nanodroplets Andreas Kautsch, Markus Koch* and Wolfgang E. Ernst* We have investigated photoinduced chemical reaction dynamics of cold, isolated Cr 2 molecules in helium nanodroplets (He N ), exploiting the quantum state specific spatial separation of solvated and surface locations on the droplet. The molecules are excited to achieve dissociation to a ground state (a 7 S 3 ) and a metastable state (a 5 S 2 ) atom. State specific spatial separation, in combination with efficient translational cooling to avoid ejection, causes the ground state atom to be solvated inside the droplet while the metastable atom migrates to the surface. A barrier between the two reactants formed by the He N prevents recombination. We apply a resonance-enhanced multiphoton ionization scheme including the y 5 P transition of the solvated atom in order to verify the locations and separation of the dissociation products.
Furthermore, ionization of the a 5 S 2 surface atom triggers solvation followed by geminate recombination with the a 7 S 3 atom, which is verified by the detection of Cr 2 + molecular ions. For small Cr clusters, our results indicate that they may be composed of chromium dimers that exhibit the same dissociation behavior.
Introduction
Helium nanodroplets (He N ) represent a well-established matrix for the spectroscopic investigation of isolated, cold (0.4 K) atoms, molecules, and clusters 1 and offer a unique method for cold chemistry on a single molecule level. The spatial separation of surface located and solvated dopants in He N provides a promising approach to control and monitor chemical reactions, especially if the location is state specific and can thus be changed by photoexcitation. In this article we demonstrate a complete cycle of photoinduced molecular dissociation, spatial separation of the fragments to a fully solvated and a stable, surface bound state and finally, photoinduced geminate recombination of the fragments. Increasing interest in exploring chemical reactions in He N originates from the ability to stabilize and investigate radical reaction intermediates [2] [3] [4] [5] [6] [7] or confine dissociation fragments to the volume of the droplet. 8, 9 High cooling rates permit efficient relaxation of excited molecules, 1, 8 the formation and stabilization of metastable clusters, 10, 11 or aggregation of weak van der Waals bound complexes (see, e.g., ref. 12). Shallow energy barriers along reaction pathways can lead to trapping in local reactive potentialenergy surface minima 4 which can be overcome by photo-activation to trigger chemical reactions. 13, 14 The location of a dopant is dictated by the interaction with helium (the pair potential) and can be estimated by the dimensionless Ancilotto parameter. 15 While the majority of atoms and molecules in their ground state are located inside the droplet, an electronic transition from the ground state to an excited state can initiate migration from inside to the droplet surface. This has been observed, for example, for Ag, [16] [17] [18] Cu, 19, 20 Cr, 21-23 CF 3 , 24, 25 and NO. 26 Usually, surface migration is followed by desorption from the droplet, only for NO* there was indication that the excited molecule remains in a surfacebound state. 26 For droplets doped with both surface located and solvated species the helium matrix can form a barrier that prevents molecule formation or clustering, even in the presence of long range van der Waals interaction. 27 On the other side, van der Waals forces between solvated noble gas atoms and surface-located alkaline earth metal atoms can be exploited to overcome the separating character of He N . 28, 29 Transition from a surface location to solvation was achieved for the HCN-Sr complex (and vice versa for HCN-Ca) by vibrational excitation, 30 and in general, surfacelocated species migrate inside the droplet upon ionization.
31-34
Here we demonstrate that photoexcitation of solvated Cr 2 molecules results in dissociation to one atom in a solvated state (a 7 S 3 ) and a second atom in a surface bound state (a 5 S 2 ). Both fragments are sufficiently cooled to prevent ejection from the droplet. A resonant three photon ionization scheme is applied to the surface atom to verify its location and, at the same time, trigger solvation and recombination with its original partner.
The stable interior location of the other fragment is proven with a two laser experiment, where both lasers are scanned individually.
Experimental
Chromium clusters (Cr 2 -Cr 4 ) are formed inside helium nanodroplets by the pickup of single Cr atoms. The setup follows a Helium Nanodroplet Isolation (HENDI) apparatus, described in detail in ref. 35 . In brief, He N are formed by the supersonic expansion of high purity 4 He gas through a cooled nozzle (diameter d = 5 mm, stagnation pressure p 0 = 50 bar). Droplet sizes follow a log-normal distribution with a distribution maximum of N = 6300 He atoms (mean droplet size % N = 16 000) for a nozzle temperature of 14 K. The collimated He N beam is crossed at right angles by an effusive beam of Cr atoms from an electron bombardment Cr oven 36 to increase the signal. To further increase the signal quality, two-color REMPI is used in addition. 23 Therefore, a fraction of the 308 nm pump laser light is overlapped with the dye laser. A pump-probe scheme is applied to observe the formation of ground state atoms after dissociating Cr 2 . Two dye laser beams (Radiant Dyes, DL-midi, dye: Coumarin 2; Lamda Physik, FL3002, dye: RDC360 neu) intersect the doped He N beam, where the first one dissociates the molecules, while the second ionizes the produced ground state Cr atoms state selectively with a known REMPI scheme. 21 In addition to the signal from dissociated Cr 2 , single Cr atom doped He N cause a background signal, which is subtracted by a difference detection scheme (dissociation laser on minus off). The fluence of the dissociation laser is kept low in order to prevent ionization of the dissociation products (in contrast to the experiment described above).
In Fig. 1 
Results
One-color REMPI excitation spectra of Cr 2 via the A give equal results, the latter provides a better signal to noise ratio and was thus chosen. One 308 nm photon is used for ionization of excited y 5 P 3 state atoms instead of two dye laser photons (cf. Fig. 1 ). The spectral signature is similar for detection of Cr 1,2,3,4 + , where the appearance of Cr 3, 4 + is connected to larger
Cr n (n = 3, 4,. . .) clusters, as will be discussed in Section 4.3. While the production of the metastable a 5 S 2 atom as one of the dissociation products is verified with a 5 S REMPI (see Fig. 2 (a) and 3), the verification of the other dissociation product -the a 7 S 3 ground state atom -requires a second laser.
It ionizes the a 7 S 3 atom with a well known Cr one-color REMPI scheme 21 that includes the y 7 P 2;3;4 a 7 S 3 ground state transition ( Fig. 1 , dash-dotted arrows) and is called a 7 S REMPI from now on. The two-laser scheme opens the possibility to scan both laser wavelengths individually. First, the dissociation process is studied ( Fig. 2(b) state transition is shifted and broadened by about 400 to 600 cm À1 due to the Pauli repulsion of the surrounding helium. [21] [22] [23] As indicated in Fig. 1 , after excitation to y 7 P 2;3;4 the atoms are ejected from the droplet while relaxing to energetically lower states (e.g., z 5 P 1;2;3 ). [21] [22] [23] This mechanism enables a highly efficient ionization of bare atoms with one further laser photon, also through Cr autoionizing states that lie close to the ionization potential (g 5 D, e 3 D). The spectrum with the fixed dissociating laser and the a 7 S REMPI laser scanning across the ground state transition is shown in Fig. 4(a) . Due to a difference scheme, the spectrum can be allocated to Cr atoms from dissociated Cr 2 , detected at the Cr Fig. 4(a) are optimized for Cr 2 formation resulting in a lower signal to noise ratio and reduced autoionizing peaks. 23 A very similar spectrum to Fig. 4(a) was obtained when delaying the a 7 S REMPI probe laser pulse by 20 ns with respect to the dissociating pump laser pulse, so that there is no temporal overlap between the pulses.
Discussion

Predissociation
Photoinduced dissociation in He N has been observed for various species. 13 44, 45 In principle, the atoms can remain solvated inside the He N , stay bound on the surface, or detach from the He N with a certain probability to take a few He atoms along. Since the droplet acts as a heat bath, kinetic energy can be dissipated to prevent ejection. 8, 9 An excess energy of about 0.4 eV (3200 cm À1 ), given by the difference of excitation energy and the dissociation limit (cf. Fig. 1 atom (others will follow). At the bare atom transition energy (indicated with a vertical line in the detailed scan in Fig. 3 ), the absence of sharp atomic lines proves that hardly any atoms are ejected from the droplet upon dissociation, encouraging the interpretation in terms of the effective kinetic energy dissipation upon predissociation. We consider it important to mention that the Cr y 5 P S 2 excitation of bare Cr atoms and small Cr-He n (n = 1, 2,. . .) exciplexes observed in our previous studies. 23 This becomes obvious by comparing the corresponding line shapes. In the two-color REMPI scheme in ref. 23 , 308 nm excitation and droplet mediated relaxation results in bare a 5 S 2 Cr atoms and Cr-He n exciplexes, both being ejected from the He N . The corresponding excitation spectrum is composed of a sharp atom line accompanied by a wing to the blue (due to Cr-He n ). Here, in contrast, we find hardly any signal at the bare atom line position (Fig. 3) and observe the onset of the peak 5 cm À1 to the blue. Although the XeCl laser was present for recording the spectra in Fig. 3 , a bare atom transition peak is hardly detectable. Systematic studies showed an increased bare atom signal for higher XeCl laser fluence, which starts causing the ejection process. We now turn to the location and environment of the other dissociation fragment -the a 7 S ground state atom -based on the two dye laser experiment. The first laser excites the dissociating A 1 S u + ' X 1 S g + Cr 2 transition and the second laser the a 7 S REMPI. Fig. 4(a) shows the a 7 S REMPI spectrum, recorded from the dissociation fragment. The fact that a 7 S atoms are detected by the differential scheme proves the proposed predissociation mechanism. The spectrum is compared to the reference spectrum obtained from single atom doped He N (Fig. 4(b) ). 21 The spectral similarity of the broad structure, which represents the in-droplet broadened . 47 Hence, the spectral similarity of a To show the stable position of both fragments after dissociation, the probe laser was time-delayed (Dt B 20 ns) to avoid a temporal overlap between the dissociation pump laser and the ionizing probe laser pulse. The pump-probe delay has no significant influence on the spectrum. Hence, no indication for a recombination or spatial approach between both neutral fragments within the delay time is found. We thus conclude that the Cr a 5 S 2 atom is stable on the He N surface, where it is available for further excitation.
It is important to point out that despite the attractive interaction between the center-located ground state and the surface-located metastable state atoms, molecule formation does not occur. This indicates an energy barrier between the two atoms as a result of the confining potential energy curve of the solvated atom and the attractive Cr 2 (a 7 S 3 -a 5 S 2 ) potential energy curve, in a similar way as it was recently calculated for the Rb-Xe van der Waals system in a He 500 droplet. The characteristic atomic y 5 P 1;2;3 a 5 S 2 transition peaks are also present in the REMPI spectra employing Cr 2 + detection (see Fig. 2(a) and 3) , with exactly the same position and shape as for Cr + detection. This is very surprising, because the Cr atom y 5 P 1;2;3 a 5 S 2 transition obviously has to be a step in the ionization process leading from Cr 2 to Cr 2 + . The observation becomes plausible when we build on the results from before, namely that upon Cr 2 dissociation the a 5 S 2 atom is residing on the surface while the a 7 S 3 atom remains solvated inside the droplet. After resonant ionization of the surface atom with a 5 S REMPI (see Fig. 1 Fig. 2(a) . We will now show that the signal of the broad band can be assigned to Cr 2 molecules and arises from direct multiphoton ionization and subsequent dissociation to Cr and Cr + , an ionization path that does not include Cr 2 predissociation. Outside the spectral regions of the y 5 P 1;2;3 a 5 S 2 transitions, i.e., without resonance enhancement, the ionization probability of both Cr atoms resulting from dissociation is estimated to be lower than a resonant ionization via vibronic levels of the Cr 2 molecule before dissociation (see Fig. 1 ). Hence, we account resonant multiphoton ionization of Cr 2 in combination with efficient dissociation to Cr and Cr + to be responsible for the observed signal.
It is instructive to compare the band obtained with one-color REMPI (Fig. 2(a) ) to Fig. 2(b) , which shows the Cr + signal of the two-laser a 7 S REMPI scheme where the dissociating laser is scanned. It is important to recall the following two points: (1) the a 7 S REMPI is obtained from resonant ionization of the center located ground state atoms that are produced via Cr 2 predissociation. ( 2) The a 7 S REMPI is exclusively sensitive to Cr 2 molecules and not to larger Cr n clusters, as discussed in Section 4.2. Therefore, Fig. 2(b) represents the Cr 2 excitation spectrum, which shows good overall agreement with the one-color REMPI band in Fig. 2(a) . The extra features in the one-color REMPI spectrum in Fig. 2(a) with respect to the a 7 S REMPI spectrum in Fig. 2(b) indicate the presence of resonances in this ionization path. This interpretation is supported by monitoring the one-color REMPI Cr + yield at the spectral positions marked with asterisks in Fig. 2(a The elucidated mechanisms open a possibility for photoinduced chemistry mediated by He N . Chemical reactions in He N doped with both surface located (e.g., alkali-metal or alkaline earth metal atoms) and solvated species could be triggered by photoexcitation of the latter to a surface located state. The bond formation can then be followed, e.g., with timeresolved femtosecond spectroscopy.
